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INTENSE ELECTRON-E!;AN PRC!PA~iY1’JOll
IN LOW-DENSITY GASES USING PIIER.NL!(

Dy

David C. Heir, Barry S. Newberger, and Lester E. Thode

ABSTRACT

Preliminary propa~ation experiments have been
perfurmed using the LASL-IWHUIEX 21-tleV electron bean,
with cLrreat c!ensi~ics of 40 M/tm2. Gas tlensitics
are varied from 10-m torr to 580 torr. l{eslllts
indicate

I. ~~RODUCTIC)~

the preamce OL microinstabj li:ies.

—.—..— .

Significant interest persists, both hcrc~
2and ab:oa(J, in the tecll-

,

nology Jevclopment of int”msc char[;cd p~rt.iclc bI:aIIIS iII(l ps~patation of

such beams through plasma fomef.1 ir: ntmtriil WIS by Lhf{ km it$eli. Due

to the substantial source of fuw cner~y rcpxcsrI~Lvcl lIY t’lc dri$t energy

of the beam, propagation could bc pladuc:d by a v:.rj~’ty cf l;ell.”-lmown

macroinstd.dlitic~ and microifi~~abilities, c.?. host:, 3 kink,4

mtrea$’”7
8-10

, mxl filamentation.

~CCaWiC! of the cotn~h!x, time-dqellckllt.~ll?~~p:.ily Iwtwvr+n

g~ncration and :ollectivc inst.uhilit.its, it i~ CSNWl!iill that



number of fundamental issues concerning cndoatmospllcric~ ultra-relativ-

istic electron beam propagation. P}I.&WEXhas an intrinsic high repc~i-

tion rate and multiple-plse capability.

tion scene.rios could be investigated.

II. PHERMX AS AN INTENSE ELECTRONIHMM

nncl thus a number of propag.a-

SOURCE

PIERMEX is an acronym for Pulsed High Fllergy Radiographic Nachine

Emitting X-rays. The facility consists of a 50 MHz standing-wave linear

electron beam accelerator housed in a blast-proof building. The pulsed

2G-30 FlcV electron beam is focused on a tungsten tartet to produce a

brernsstrahlung radiation spectrum , which is used for flash radiography

,
of exploding systems.

11

The ori~inal facility was built between 1957 aLMl 1963, and until

recently has been uswl almost cxclusiv~:ly for flash radiography in

wcapnn and wcnpon-rclatcxl programs. USC of tilC PIIHWX facility for

electron bc~m experiments has ouly rcccnLly bcrn collsj(lct:ccl. l’he follow-

ing factors hiivc been important in this d(!cision:

A.

D.

c.

D.

Thu

Slight t-ccluction in the hydrodynamic shot Schcdlllc,

Increased rcliahility of the lin(iar accclcrator,

l.lp~raclc of clctcction chaml)er fasL elcctronicsp nnd

‘Intcrr!~t in cxkenclin~ thc basic physjcs or intense chctron

hfxlmti.

I’IH?RMX nc’cclcr;lWr paramekrti urc smmn;]rizcd in Table I. Tllc

2



‘iABLE 1.—— —

INJ1.HO:. (IIOT CA’HIOLW)

Voltage (MV)

Current (A)

Pulse Width (ns)

Risctime (ns)

RF Synchronized

Emmittancc (mm-mrad)

Spotsizc (mm)

RF CAVITIES

l;requcncy (Nllz)

Length (E)

I)iametcr (m)

Field Streu[;th (FIV/m)

a

P

Y

Stored En[!rty (J)

a

P

Y

Today——-- . .—-..—

0.550

350

200, 100, 40

50, M, 15

No

< 500 n

25

50

2.6

4.6

3,6

5.5

3.4

61o

1430

550

Posl.-Ul~?dc.—..—

1.00-1.25

65G

150, 80, 40

13, 13, 13

Ycs

< too ~

25

50

2.6

4.6

12.C

10.0

8.o

6800

4703

3000



Electrons arc gc!rle!raLed on a hot-cathoclc injector. The cathode is

pulsed by a high-voltage pulse and electrons arc accelerated and focused

inLo a-cavity. The prcscn~L injrccnr system consists of a 10-cm dianwtcr

sint.ert:d tungsten-barium oxide impregnated cathode which operates at

1100° c. -The surface emits 6-8 A/rm2. At present, the cathode is pulsed

by a 600 kV Femcor pulscr which determines the macroscopic time structure

of thr brain. Varioun puLsc widths in Table I are attained by physically

changing pulscr units. l’hc Famcor pulsers arc not synchronized to the

50 Flllz rf of the accelerating cavities bc~ause the Lime jitter of the

output pulsr (+30 ns) is ciifini[-icaotly larger than the Lime between two

succcs:;ivc accelrratinz cycle.s. In addition, the risrt.im~ for both the

200 ns nnd 100 us pl”iscs is larger than the accelerating period.

TIM: Fcmcor pulscr will be rcplacccl by n three FUISC 1. NV sy~tcm

constructed hy Physics International (PI). The project.cd jncxcasc in

and it will k: tiynchronizcd

I)(!ilfllili produced by the

occill” f!vl!ry 20 IIS. ‘1’hu first



. 1.

amplitude of the micuopulscs in a m.lcroplllse is clearly dcpcndtint on the

injected pulse shapr and timing rcla~ivc LCJLhr rf. Fi/;l.rc 2 is a time

resolved measurwwnt of the c]cccro:’. l.JcaI:I cur~(’ilt for :1 200 ns pulse 011

the inj(!ctor from the Femcor pulscu. Note thaL a suh-l)urst. with m~::imum

current does not occur until the: tllircl pulse. This ~)h~l)onli,n~ is ~1

function of pulse risctime and ji.ttcr relative to L}lr rf. AL prcscr,t,

the initial conditions for a full amplitude plllsc ~rr unknoun and deter-

mined by the initial low intensity pulses. Instull.:,t.ion f~f the 1’1 I-NV

pulser, which will he synchronized with Lhc rf, will yic”ld an initial

sub-burst. of full amplitude. “flli~ upgrade is si~:nificnnt for c“!.(!c.Lroll

beam experiments.

PUERMEXhas t!~ree rf cavities shown schcrnat.ically in Fig. 1. These

are design~~tod a, /1, and y. The l)c’otn is injc(”t.c!(l ill:.a (v. The fi[:ld

strcn~th in the cnvi.tics is generated by rf amplifiers. As part- of the

upgrade, the ex.istinfi amplifiers arc bcinfi rcplarrd with nmplificrs of

higher power. As a consequence, the Ijol.d sLrcl’[;Lhs iIII(J sLorcd crit!r~y

in the cavities will be gr~:aLly incr(.ilscd.

Electron hcam energy is dctcrmin(:d I]y the str(![lfith of’ the cilvj~y

fields. The beam energy nnr.1 other outrut hei-lm parameters ore si~mnarize~

in Table II. IJcam cncrfiy difipf?rsion and cmittdncc! hdv(! bi?cn detcrminc(j

by calcultition usinfi

drif”L space, u field

size at the focus,

As noted earlier, dIc Lim: sLruc(urc of th(’ OIILpLIt.bI!iIInis

clctcrmincd m:lcroscupiral]y by thv in.jf:c”lioll pulsl’ mId lllic.lm(~SCoj)jc/llly by

tltf~ 50 f’fflz rJo ‘1’II(!KCpilriIlll(!L(!rS at-t: UI.SO fiunm);l!-ixcd in Tnble IJ,



Figure 3 is a glass plate measurement of the PIIHLYEXelectron

I)cam distribution at t.hc focus. ‘HIC whjtc spot is due to ii threshold

effect in the r~di;:tion cl~fma~c of the glass plntc. Th(? diameter of che

vhite spoL is assmed to be Lhc beam sgnt size. Latievcr, radiographic

tcchrriques ljsrxl to clctcrmine hcam sp.lt size indicalc a slightly smaller

value.

The beam current meast’rcment, shown in Fig. 2, and spot size,

indicated in Fig. 3, crrn be cmnbined to determine the peak current

density and clecLron rlcnsity in individual rnicropulscs. These values

arc also summarized in Table IT. It should bc noted again that these

values arc for a single microrulsc of hlaximum amplitude.

As also noted earlinc, the support electronics associatcil with

PIIEI{MEXhnvr brcn upgr~]dcd. Thi.fi upgrade substantially enhances our

capahilil-y to pcr[orrn Lime-rrsolvcd electron beam experiment.s. Trrbl.: III

is a tilm:mnry of thr prrsr’ntly available elect.ronicfi. This pzrticulnr

phase of the up~r:lrlr proRram is csscnt.ia]ly romp]rtc.

It is llSCfill to COlllJlilr(’ PWNIEX with oLher machines in terms of

rclativi.stic factor y, cllrrrn~j current dcnsjt.y, pulse duration und

total ham energy. This comp=r.ison is given in Tahlc .~”. At present,

NIERMHXis ;.IIc only hifih Y machirie in operation. The? current density is

sufficicnt]y }Iifih that. hewn-plasmd rffcctx arc important. However, the

peak curr~!nt. irnrl total rner~y nrc sonrewh:lt low in compariso~. with what

is ccm~idrrccl opt.irnum fo] bcorn propagation. On the: other hirnd, with 3 M

ultrarclnti.vistic, cndo:ltmospkric beam propa~irt.iwn,

6
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TADLE 11—.— .

HEAN ENERGY (NeV)

ACCESSIBLE ENERGYRANGE (M-V)

ENZ1{GYDISPERSION

EMIITANCE (mm-mracl)

TIME STRUCTURE

Macropulse Width (ns)

Risctirne (ns)

Number of Microplll.ses

Ilicropulse Width (ns)

INTENSITY

Average over Nacropulsc (A)

Peak (kA)

ElecLrons/llicroplllse

Current lh-nsity (Peak) (A/m2)

Electron Density (Peak) (e/m3)

spoT SIZE (DIAMETER)

Exit of Col.limnting Lens (mm)

Entrance to FocusinX Lense (mm)

On Target with 0.5 m focus (mm)

Tod~ PosL-uf)&rQ3(ie-. --- —- —_,---- ---- ,= —
21 40

20-30 20-60

4% 4%

7n 7n

200, 100, or 40 150, 90, or 40

51, 37, 15 13, 13, 13

10, 5, 2 “7,4,2

3.3 (FWIIFI) 3.3 (FWHN)

SO (200 11s)

0.3(-)

6 X ]012

4 x ]08

4 x Kll~

90 (150 11s)

0.60-0.80

1.2 x 1(+

8 x 10R

8 x #

15

10

51
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TAI.!LEIII

COMPUTER

Data Ccneral, 80 k flemory, 10 tt byte disc, 9 track tape uniL,

floppy disc, Versa~cch prjntcr, 2-Camac crates.

TRANSIENT hNAI.YZERS

Tektronix R-7912, 11 channels} 250 MIlz bandwidth

Biomation F!1OO, 6 cbannrls, 25 Mlz bandwidth

Tektronix Oscilloscopes, 5, 50 MHz bandwidth

Nanofast, 20 ch:lnnels, O.: ns resolution, *1 ns accuracy,

200 ps tcjtal range

N:lnofast, 10 ch:lnuels, 10.0 ns rcsolul.ion, f10 ns accuracy,

10 s total rarlgc

TABLE JV

1 I (kA) J (M/cm2) r (OS)-—.. ... —— —---— —-_

FX-25 2.9 15.0 t,n8 30.0
PI 1590 13.0 100.0 15.0 60.G
ASTRON 7.8 0.1.0 0.13 300
ETA 4.8 10.0 60 30.0
PHERHEX 41 0.30 40 3.3
PHEWEX (post-upgrade) 41-121 0.60-0.80+ 80 3.3
ATA 98 10.0 60 30

1= electron energy/clcctrOn re:’t. mass
I = clrctron hcAIn current
J= currnnt density (peak)

= pulse
:= total
;* p~[~l{pl~x
+ present

length uf individual pulses
beam cncr~y (U = XVI x number of micrOpulscs)
generates mult.iplc pulses
development cfforL

U (J)—.—

600
40000

120
1500

200+
280-1130:~

150J0



111. PRELIMINARY PROPAGATIONEXPERIMENTS—.— ..—. —— —... . —.. - - ----

In order t.o demons tra[c thu fcasibilit. y o{ using I’JIITUIKXas an

intense electron be~m source, sorer beam ~h~C:lcL[~ri~ilLioll aild preliminary

propagation experiments were performed.

Fi8ure 4 is a drawing of thr Lasic exprlil:l~’ntal ar~.. lgcinent for all

of the electron

to the building

focused through

beam studies. Al* cxprrimcr,ts were pcrfor!nrd external

on the P1[ERMEXfiring point. The rlectron beam is

a ti~percd beryllium cullim~tor, and cxiLs through a

0.25-IrIn thick beryllium window.

thraugh the existing accelerator

drift tuhc contains a 1.3 x 10
-2

A ncw st?ction of drifL tube was inserted

bullnose from L1lC olltside. This new

mm kapton vacu~li] window, which is loca-

ted 7 mm from the beryllium window. Thus, a 7 mm ‘air gap, which has

d negligible effect on the h(!~m, cxisLs bet.kx?en thr two drift spaces.

For this configuration, the posiLion of the 1 Inm diameter beam focus is

located about in t.hc ccntcr of the air gap.

Initial cxpcrirnents were dircctm.1 toward characterizing the P)MMEX

electron beam. The first experiment was a time-resolved current measure-

ment in vacuum using a graphite charge collector located 50 cm f:otn the

1 mm focus. The results of this experiment are shown in Fig. 2 and were

di~cussed in Section 1.

In an attempt to furLher unfold the beam distribution function, the

beam momentum scatter W:IS varied by placia~ additional scattering foils

in the gap between the beryllium and kapton vacuum windows. }Iigh.

resolution glass p!wtographic platus [Kodak S031~3) were then used to

measure the beam spatial distrihlltion at 60 cm irom th~ beam focus. For

propagation in vocu~~-.l, the densitometer scans of the beam spatial

9
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distribution for various added scattering materials are shown i[l Fig. 5.

As expected, the increased btwn scatter produced a measurable, systematic

change in Lhe spaLial di:;tribution function. To zero order, the particlr

-4
trajectories arc ballistic because the PKUNF.X beam has a w/y ~ 3.8 x 10 .

Ncre, we usc conventional notation: v = Nr , whe~n N is th- number ofc

the beam electrons pcr unit length, r= is the classical electron radius,

and y is the relativistic factor. For the photographic piate data, the

integrals of the distributions are normalized LO be the same.

IrJ Fig. 6, the beam cliver~ence calculated on the basis of the bca,,l

spatial distribu’.ion, with systematic beam divcrgcncc subtracted out, is

compnred with whnt would bc predicted by Noli&re multiple scatterin~

theory.
21

The CXIJCrjnlentalerrors are dominated by the uncertainly in

the systematic beam divcrgrnce , which has been calcIllak4 to lx about

Q
div

~ 20 mrad. }[owvver, the systematic diver~encc has not been measured

directly. From these daLa, the random angular scatter in the Lwiim

momen!.um distribution is in good agrcrment with theory.

The Iwam distributions in Fi~. 5 show no evidence of structure.

From this result

linearity of the

arc scp:trated by

and spot %izc at LhcJ focu$, an estimate of the co-

micropulse”; can be c!crivccl. Spatially, the micropulses

lCSS than 1 mm at the focus. The umximum angular

separation is lrss than 5 milliradians.

7hc first SCL of time in~cgr~t~d d~lta WflS ~~~amdistr~~lltion measutc-

mcnts normal to thr P}IEiMX beam. The detectors for these measurements

were glass plates. They wert’ posi~i~nd 6f.I cm from the 1 mm focus.

Fi~,urcs 7a and 7b arr a compilation of the rcsn]ts. The P~iltcs ;JrC

arranged as a funct.i.on of nitrogen HJS Frcssurc (row) and increasing

Ao

.1
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beam scatter (column). The distt-ibut.ion inflicat-e:~ that hcam instabili-

ties are present and clecrrasc with both increasing beam scat~cr and gas

prcssl~lcat a position 60 cm fro.~ t.hctj~fi.1]focus.

Open shutter photographs were m.adc of the beam propa~atill~through

neon and helium. A lUCILC drifL Lube was attached to the end nf the

metal drift tube, as showI.in Fig. 4. Figurt!s fla and &b Contain the

results of measurement for neon and heliu~l, respectively. The beam is

propagating from left to right with the extreme left bcir.g located 60 ccl

from the focus. The results at low pressure for botII~ascs SIIOWthe

possible exisLcnce of a two-stream instability. This is evi.clencc(Jby tile

bright glow of the gas near the entrance into the lucitc drift tul)~~.At

higher pressures, the beam is brcakin~ up into filaments. The transverse

distribution is consistent with what is seen in Lhc normal disl-rihution,

measured by glass plates. To verify thaL these effects were ]]ot.pro(lllccd

by discontinuities in the cetllrn-currelltpat.h~open shutter photofira~)!]s

were ,madewith the lucitc drift.tube iined with copper wire screcI1. The

photographs indicated that Lhe rrturn-current disuonLinuiLy had no

vjsible effect.

TO understand the effect of the beam microstructure, time-resolved

measurements were made of the beam pIXJ~JaR~tln~ in neon and helium. Time

resolved measurements of the normal and tra Isvcrsc beam clistrihntionwcLt

made using an lMACON 7!10fast-frame/streak camcrn. “1’hecamera wan able

to reccrd a 10 ns frame every 50 ns. Figure 9 is a reproduction of normal

beam distribution for a beam pr~pagatiug i]~ 3 torr of neon, The numbered

overlay relates the images to appropriate beam microi..!]scs Chcrenl(uv

light produced by clectrolls passiog tJIrOUXha thin plnstic skeet was used

11



to gel:cratc light for the images. It is located 1.9 m frou the focus.

Synchronization of the camera relative to the micro-pulses was determined

using the?

picture.

where the

sions can

NnnoFasL tire- digitizer and is shown in the schematic bi~low thn

PhGtu&raphs were also taken of the transverse beam distribution

light was generiaLccI by the gas itself. The following conclu-

be reached from these measurements: (1) the micropulscs propa-

gate independently , and [2) there is no light emitted from the gas during

the 20 ns between pulses. Note, however, that no ultraviolet light is

transmitted through the lucitc drift tube.

A segment of the met:ll drift tube WaS constrllctcd which contained

magnetic-field (II) probes. It was attached to the end of the drift tube

used in previous experiments. Figure 10 is a photograph of this section,

A kapton window was plarrd on the downstream end. The charge collector

was attached to the cnd of the drift tube. Figure 11 is a diagram of

the entire arrnngmnent. Ttm charge collector waa maintained at vacuum,

and the return-currcnL probes were locatccl in n rc~f.on of variable pres-

sure. ‘A’IIcpurpose of this arrangement was to isolate the charue col-

lector from nny clcctrm J’)lilSlllil currcnLs which mi~ht. hc produced in the

gas by the electron bcim am! impin~;c on thr charge collector.

US(?(I

tube

beam

‘1’hc drift tube contaimd a bellows on the upstream end. This was

LO aliCn the beam oil the! ccntcr of the drifk-tuhc axix. The drifk

and thu ch~rgr collc!cLor wcr[! nmi.ntaincd at. Vncuum, nd C;ICI1of Lhc

probc~ w:lu c}u:ckcd using sqnr~ltc Imlm pulse:;, l’hc rcsul.tin~

12
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signal that was prcp@rLional to Lhe net current Lravcling through the

spool. containing

A series of

versus the total

the prob~s.

mensurclllf!:lts was m;ldc of t-]lt” IICt currcnL in L!’Ie gas

currcnL in the charge collector for both neon and helium.

Figure 12a is J mcasuremerit of the integrated probe output

propa~ating in vacuum. Figura 12b is the same measurement

propagating through 10 p of helium. This result indiratrs

fur the beam

with the beam

that after

seven micropulscs, the gas is sufficiently ionized that Lhe return-current

.is now in the beam-gf!nerntcd plasma ;Incl no longer in the drift-tube wall.

Figure 12c is for 1 atmosphere of klium, UIICIthe measured probe return

currents which arc a8aiII ill the drifL tuk as in the vacuum case. lIow-

“everJ the slopes arc substantially ditfcrcnt. For the first pulse, the

net current is substantially larger thnn the McLu:Il beam current. as

measured by the charge collector. It

current is prorluccd by ll~”:lln-gcl~c’rat(:(l

the rntio of t.’c net current mca$urd

measured by the churgc collcr.hr u::a

580 torrm Between 1.0 nnd 10.0 torr,

probeti i~ zero, and all. of the rcLurn

is spcculntcd Lhat this additional

delta rays, FiRurc 13 is a plot of

by the probes to the total currcllt

Junction of prcss~’rc from v~lcuunl to

the net current measured by the

current is iu the Imam-gener:ltcd

plasmu. At lower pressures (<J. Lorr), there is illsutficient gaK to gcn-

cratx: cnou~h plnsma to conduct the cnt.irc return current. At higher

prwfiurc (>10 torx), the cluctron:; from the ionixf!d gas tend to rapidly

13
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cnnnot be systematically analyzed using the initial micropulse because

the slow risetimc and time jitter of the pulscr yield initial pulses of

varying fimplitu(lt.

IV. SU?’RIARY———..

In this paper, we have described our preliminary experiments carried

out to examine the potentiality of Ilsing the LASL l)HEM.F.X facility as a

device to explore the physics of rclaLivisCic electron beam transport in

neutral gas.

These experiments yielded substantial cvidrnce for the existence of

some kind of beam-pl.nsma instability. Since the bcmn was pro~a~iitcd over

distances lCSS than ~1buLatron wavel.cngt.h, wc arc l.cd to conclude that

this instability must bc of thu type often rcfcrrt!d to as microinsLabiliLy

rather tJ13n a mfjcroscopic mode aG, for cximpl.c, the hoxc inslabilit.y,

14
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Schemal.icdia~ram depicting tha important cl.cmentsof Lhe
PtlEIWE)i standing-wave linear accelerator.

Charge-collector voltage versus time for the PHEI?MEX
electron ham measured at 50 cm downstream of the 1 mm
focus. Peak (negative) voltages corrc!sponcl to 0,27 kA of
current.

Photograph of a radiation-damaged glass plate l.ociitcd at
the focus of the PJ!ERHEXbeam relative to ccntimetl’r scale.
The Whitp spot is due to a threshold effect in the gadia-
tion damage process.

ElccLron beam experimental arrang~!ment and PMERtlEXbull-
nose. The beam is focused through the beryllium collimator
to o l-mm-diameter spot between the beryllium vacuum
window and kapton window.

Densitometer scans of the radiation darnqy: spot produced
in glass by the beam at 60 cm from the 1 mm IOCIIS. The
curv(!s ure normnlizcd t.o unit area. The beam is trans-
portcxl in vacuunl from the focus after passing through t.h.in
foils of different. mnterial cnd t.hiclllcs~, as illusLratcd,
The rt!spectlvc rms diameter is also SI1OWI:.

Expcrinv:nt.all.y clcb!rmitwd mvnn sci!ttx:rin~ angles il~ n

fuhction of tho cnlculatcd vulues from sm:lll. IInfilc multjp].c
scattcri.ng t.hcory. ‘1’hc dafihrd curvr is O - (1
vcrt.i~ill. error hnru drnotc the ~lncl:rk.~lillt.~x?ll t.h$a 11’,hc%
h:~in divcrct!nc(: O . , while th[! hGriZOnt.il.l error hnrs
denote limits in Vi’il! rmqjwof ol)proximations in tlu’ thfiory.
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Figure 9 Imacon 790 fas L frame record of the normal ?lcam dis LriblJ-
tion 1.9 m from 1 nxn focus for ;lropnf@Lion in 3 torr neon.
The overlay corrclatr% Lh(. Imau(:n imn::cs wilh t.b henm
microstrucL.urc. Rclntivc timing ~ils ollLnincd using Lhe
NtinoFast Linw di~i[.izrr.

Figure 10 Photograph of drift tube sc’gmentConlainilll;Lhr m:lfiuctic
field probes used in the net.2currt*ntmcnsurcment. l’robe
artws arc approxbntitcly 5 cm .

Figure 11 Return-currt!nt measurcrneut rwpcrinlc’nl.al arrangcmpnt. The
charge collector is isolaL~!d by a ka])Lail window to yrcvd~t
coll~~ction of plasma current.

Figur& 12 Net current in the clrifL tube as mcnsurcd by m:lfinrLic
field p:aobesfor (a) vacuum, (b) 10 p helium, an{I (n) 580
torr hcl ium.

Figure 13 Ratin of the net current. in t!lc drift Lulm to thl’total
propaga Lcd current ns a function of prussllrr’. Ttw cllrr[!n~s
arc intcgrat.cd over the cnLirc .?60 ns mncropulse.

.
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